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Abstract

This study was to test the hypothesis that altered IGF2 system in the placental labyrinth zone (LZ)
impairs feto-placental growth in response to maternal protein restriction. Rats were fed a 20%
protein diet and an isocaloric 6% protein diet (LP) from day 1 to days 14, 18, or 21 of pregnancy.
The effects of diet, gender of placenta and fetus, and day of pregnancy on placental weight, fetal
weight, and expression of the IGF2 axis in the placental LZ and amino acids in maternal plasma
were analyzed. Growth restriction occurred in both female and male fetuses by LP, coincident
with impaired LZ growth and efficiency. The expression of /g72, 1gf2P0, Igfir, Igf2r, Insr, Igfbpl,
and /gfbp2in placental LZ were affected by diet, gender and/or day of pregnancy. Concentrations
of total essential amino acids and total nonessential amino acids were reduced and increased,
respectively, in maternal plasma of LP-fed rats. These results indicate that adaptation of the IGF2
system in rat LZ occurs in a sex- and time-dependent manner in response to maternal protein
restriction; however, these adaptations cannot prevent the growth restriction of both male and
female fetuses during late pregnancy.
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2. INTRODUCTION

Insulin-like growth factor 2 (IGF2), as well as IGF1, plays a critical role in the feto-placental
development and growth in mammalian species. They have metabolic, mitogenic, and
differentiative actions in a wide range of fetal tissues, including the placenta. However,
IGF1 and IGF2 have distinct actions on maternal adaptation to pregnancy and feto-placental
growth according to hormone sources, bioavailability, and actions (1-3). Most direct
evidence from knockout and overexpression of IGF axis genes support the notion that IGF2
acts as a direct regulator of feto-placental development (4-6). Fetal growth depends mostly
on nutrients, including oxygen, obtained from the mother through the placenta. Not being a
passive receiver, fetal demand for growth drives placental transport of nutrients partly by
regulating expression of imprinted genes in both the fetus and the placenta (7, 8). Among
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these imprinted genes, IGF2 together with IGF2P0, a placental-specific IGF2, regulates both
placental development and nutrient transport (4-6, 9-11).

In rodents, labyrinth zone (LZ), the zone near the chorionic plate, represents the main area
of the placenta for maternal-fetal hemotrophic exchange (12). Therefore, LZ is of great
importance in fetal survival and development. Maternal blood flows through irregularly
shaped spaces, while fetal blood circulates within the fetal capillaries (12). The LZ
undergoes rapid and intense angiogenesis, resulting in expanded maternal blood space and
enhanced fetal capillary development during mid and late pregnancy, which may underlie
the mechanisms responsible for the remarkable increase in placental efficiency in late
pregnancy (12, 13). Unlike the extremely low levels of IGF2 in adult rodent circulation,
IGF2 is abundantly expressed in the LZ, and its expression is gradually increased with the
progress of pregnancy. IGF2P0 expression is restrictively expressed in LZ trophoblast cells.
Therefore, local production of IGF2 in the placenta is critical for feto-placental
development. In general, IGF2 exerts its effect by binding to IGF receptors (IGF1R and
IGF2R) and insulin receptor (InsR). In the LZ, the bioavailability of IGF2 is mainly
influenced by IGFBP2, one of the known 6 IGFBPs (14). Accumulating evidence supports
the concept that IGF2, select amino acids [specifically L-arginine (Arg) and L-leucine
(Leu)], and mammalian target of rapamycin (mTOR) signaling form a regulatory loop in
early conceptus development (15-19). Mammalian target of rapamycin is a highly
conserved serine/threonine protein kinase that senses and responds to changes in amino acid
levels, energy, hormones and mitogens, and has a critical role in cell metabolism and growth
(20-22). Thus, nutritional manipulation during the pregnancy may affect feto-placental
growth through this regulatory loop.

It has been established that offspring from dams with maternal protein restriction during
gestation develop hypertension and cardiovascular diseases in adulthood in a sex- and time-
dependent manner with an earlier onset and more severe hypertension in males compared to
females (23-29). Pregnant rats subjected to low protein diet, have been widely used in the
study of metabolic programming (30). This rodent model also mimics the dietary protein
insufficiency in large population due to the poverty especially in developing countries and
certain ethnic groups due to varied social-economic limitations in developed countries. In
addition, metabolic syndrome caused by maternal protein restriction is relevant to the gender
of offspring (31-33). However, the gender-specific effects of maternal protein restriction on
fetal growth and placental efficiency have received little attention. Placental /g72or /1gf2P0
knockout also causes both impaired placental growth and fetal growth retardation (5, 6, 8).
The similar outcomes of these manipulations during gestation provide an impetus for us to
study interrelationships among these growth-insulting factors. We hypothesize that altered
expression of the IGF2 system (IGF2, its relevant receptors, and binding proteins) in the
placental LZ impairs feto-placental growth in response to maternal protein restriction. The
objectives were to: (a) investigate the gender-specific feto-placental growth retardation in
response to maternal protein restriction; (b) explore the alterations in expression of IGF2-
signaling-related genes in the placental LZ with maternal protein restriction; and (c) assess
the changes in maternal plasma amino acids in response to maternal protein restriction.

3. MATERIALS AND METHODS

3.1. Animals

All procedures were approved by the Animal Care and Use Committee at the University of
Texas Medical Branch and were in accordance with those guidelines published by the US
National Institutes of Health Guide for the Care and Use of Laboratory Animals (NIH
Publication No. 85-23, revised 1996). Virgin female Sprague-Dawley rats (Harlan Sprague
Dawley, Houston, TX, USA) weighing between 175 and 225 g (4 months old) were mated
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with male Sprague-Dawley rats; conception was confirmed by observation of a vaginal
copulation plug or the presence of sperm in the vaginal flush. Pregnant rats were randomly
divided into 2 dietary groups, housed individually, and fed a control (CT, 20% casein) or
low protein (LP, 6% casein) diet until sacrificed on days 14, 18, or 21 of pregnancy (n=10/
diet-day of pregnancy). The isocaloric low-protein and normal-protein diets were obtained
from Harlan Teklad (Cat. TD.90016 and TD.91352, respectively; Madison, WI, USA). The
composition of the diets for the 2 groups, except for the protein content, was identical as
previously described (34). The animals were housed in a room with a controlled temperature
and a 12-hour light-dark cycle. During 8-10 am on days 14, 18, or 21 of pregnancy, rats
were anaesthetized with carbon dioxide. Maternal blood was collected by cardiac puncture
into a BD vacuum tube containing K,-EDTA. Whole blood was centrifuged at 3000g for 10
min at 4°C, and the supernatant plasma was aliquoted, snap-frozen in liquid nitrogen, and
stored at —80°C until analyzed. Placentas and fetuses were isolated, blotted to remove fluids
and blood, and weighed immediately. The LZ and junctional zones (JZ) were dissected as
described by Ain et al. (35). LZ and JZ were snap-frozen in liquid nitrogen and stored at
—80°C until analyzed.

3.2. DNA extraction from fetal extraembryonic membrane and sex determination

Genomic DNA was extracted from frozen fetal membranes and tails of adult male and
female rats with Qiagen DNeasy Blood & Tissue Kit (Cat. 69504; Qiagen Inc., Valencia,
CA), and all procedures were performed according to the instruction manual. Sex
determination was described by Kwong et a/. (36). Males were determined by the presence
of the Sry gene in genomic DNA with 1 microgram DNA template added in polymerase
chain reactions (PCR) and females by no Sry gene amplification. The sequence of forward
primers for the Sry gene was 5’-cacaagttggctcaacagaatc-3” and reverse primer 5”-
agctctactccagtcttgtceg-3”. One microgram genomic DNA from adult males and females was
included as either a positive or negative control for the PCR procedure. PCR conditions
were as follows: 1) 94°C for 5 min; 2) 94°C for 1 min, 54°C for 2.5 min, and 72°C for 1 min
for 36 cycles; and 3) 72°C for 7 min.

3.3. Annotation of rat IGF2P0 transcript for primer design

The primers for rat /gf2P0transcript and the sequence of rat /gf2P0 promoter region, which
is distinct from the other 3 promoters, have not been reported in literature. Using the
nucleotide tool published in NCBI (http://www.nchi.nlm.nih.gov/nuccore), 2 specific
pseudo-exons, ul (8604-8826) and u2 (10682-10915) in mouse /gf2P0were aligned to the
coding sequence of rat /gf2gene X17012.1. Two sequences localized at 9561-9777 and
11727-11947 in X17012.1 were selected which had 94% and 88% identity with mouse ul
and u2, respectively. Quantitative real-time PCR primers for rat /gf2P0transcript were
designed according to the former sequence.

3.4. RNA extraction and RT-PCR

Total RNAs from frozen LZ tissues (n=6/diet/gender/day of pregnancy) were extracted
using Qiagen RNeasy minikit (Cat. 74104; Qiagen Inc., Valencia, CA). The total RNAs
were digested with RNA free DNase | (Cat. 79254; Qiagen), followed by a clean-up
procedure. All procedures were performed according to the instruction manual.
Complementary DNA (cDNA) was synthesized from 1 microgram of total RNA by RT in a
total volume of 20 microliter using MyCycler Thermal Cycler (Cat. 170-9703; Bio-Rad
Laboratories, Hercules, CA) with the following conditions: 1 cycle at 28°C for 15 min, 42°C
for 50 min, and 95°C for 5 min.
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3.5. Quantitative real-time PCR

Real-time PCR detection was performed on a CFX96 Real-Time PCR Detection System
(Cat. 184-5096; Bio-Rad). The primers were designed using Primer 3 Version 4 and are
shown in Table 1. Syber Green Supermix (Cat. 170-8882; Bio-Rad) was used for
amplification of /gf2, 1gf2p0, Igfir, Igf2r, Insr, Igfbpl and lgfbp2. The mixture of reaction
reagents was incubated at 95°C for 10 min and cycled according to the following
parameters: 95°C for 30 seconds and 60°C for 1 min for a total of 40 cycles. Negative
control without cDNA was performed to test primer specificity.

Gapdh served as an endogenous control to standardize the amount of sample RNA added to
a reaction. TagMan Gene Expression Assays for rat Gapadh (Rn01775763_g1) and supermix
reagents were from Applied Biosystems (Carlsbad, CA). The mixture of reaction reagents
was incubated at 50°C for 2 min, heated to 95°C for 10 min, and cycled according to the
following parameters: 95°C for 30 sec and 60°C for 1 min for a total of 40 cycles. Data were
expressed as the ratio of the DNA amplification amount of Gapdh against that of target
genes to avoid error from the differences in tissue weight, processing, and loading. The
relative amount of every sample was calculated by use of the threshold cycle (Ct) Gapdh/Ct
target gene.

3.6. Western blotting

Rat LZs (n=6/diet/gender/day of pregnancy) were homogenized in lysis buffer (50 mM Tris,
0.1 mM EGTA, 100 mM PMSF, 1.4 microliter of beta-mercaptoethanol, and 1 mini-tablet of
protease inhibitor cocktail per 10 mL) with polytran at 15,000 rpm for 10 sec. After
centrifugation of the homogenate at 1000 x g for 10 min at 4°C, the supernatant fraction was
aliquoted and stored at —80°C until analyzed by Western blotting. Protein concentration was
determined by Pierce BCA Protein Assay Kit (Cat. 23225; Pierce Biotechnology, Rockford,
IL).

Aliquots of 20 microgram protein were added with 4X nonreducing loading buffer (200mM
Tris, 8% SDS, 0.005% bromophenol blue, 20% glycerol) and subjected to electrophoresis
with 6% SDS-PAGE (stacking gel) and 15% SDS-PAGE (separating gel). The procedures of
Western blotting described by Qiu ef a/. (37) were followed with minor modifications.
Briefly, the separated proteins in SDS-PAGE were transferred to nitrocellulose membrane at
4°C overnight. After blocking in 5% nonfat milk, mouse anti-rat IGF2 monoclonal antibody
(Cat. 05-166, clone S1F2; Millipore, Billerica, MA) at 1:1000 dilution was added to
nitrocellulose membrane and incubated overnight. After washing, the blots were incubated
with HRP-conjugated goat antimouse 1gG (Cat. 1030-05; SouthernBiotech, Birmingham,
AL) at 1:1500 dilution at room temperature for 1 h. Proteins in blots were visualized with
Pierce enhanced chemiluminescence detection (Cat. 32209; Thermo Scientific, Rockford,
IL) and Blue Lite Autorad Film (Cat. F9024; BioExpress, Kaysville, UT) according to the
manufacturers’ recommendations. Beta-actin was used as an internal control for Western
blotting in this study. Blots were incubated with stripping buffer (Cat. 46430; Thermo
Scientific) at room temperature for 15 minutes, followed by blocking in 5% nonfat milk for
1 h. Primary antibody, rabbit monoclonal antibody for beta-actin (Cat. 13E5; Cell Signaling,
Danvers, MA), and secondary antibody, HRP-conjugated goat anti-rabbit 1gG (Cat.
4050-05; SouthernBiotech, Birmingham, AL), were used at 1:10000 and 1:5000 dilution,
respectively. Visualization of proteins in blots was the same as aforementioned.

Procedures of Western blotting for rat IGFBP1 and IGFBP2 were similar to those for IGF2,
except that proteins were denatured with reducing loading buffer (non-reducing buffer with
2% beta-mercaptoethanol) before being subjected to electrophoresis. Primary antibodies,
mouse monoclonal antibody for IGFBP1 (Cat. sc-25257; Santa Cruz Biotechnology Inc.,
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Santa Cruz, CA), rabbit polyclonal antibody for IGFBP2 (Cat. sc-13096, Santa Cruz) and
secondary antibodies, HRP-conjugated goat antimouse IgG (Cat. 1030-05; SouthernBiotech,
Birmingham, AL), HRP-conjugated goat anti-rabbit 1gG (Cat. 4050-05; SouthernBiotech)
were used with 1:1000 and 1:5000 dilutions in 2% milk/TBST, respectively.

The signals in films representing the contents of target proteins IGF2, IGFBP1, IGFBP2 and
internal control protein beta-actin were densitometrically quantified by Fluorchem 8000
software (Cell Biosciences, Santa Clara, CA). The relative amount of target protein was
calculated by the ratio of total densitometrical value of target protein to that of beta-actin in
each rat LZ analyzed by western blotting.

3.7. Analysis of amino acids in maternal plasma

Rat maternal plasma was deproteinized with an equal volume of 1.5 M HCIQy, followed by
neutralization with 2 M K,COj3 as previously described (38). Amino acids in the extract
were determined by a fluorometric HPLC method involving precolumn derivatization with
o-phthaldialdehyde (39).

3.8. Statistical analysis

All quantitative data were subjected to least-squares analysis of variance using the general
linear models procedures of the Statistical Analysis System (SAS Institute, Cary, NC). Data
on fetal-placental weight and gene expression were analyzed for effects of day of pregnancy,
diet, gender of placenta, and their interaction. Data on amino acids were analyzed for effects
of day of pregnancy, diet, and their interaction. A Pvalue of 0.05 or less was considered
significant, whereas a P value greater than 0.05 but less than 0.10 was considered a trend
toward significance. Data in tissue weights and amino acids are presented as means with
standard errors, while data in gene expression is presented as least-squares means (LSM)
with overall standard errors (SE).

4. RESULTS

4.1. Gender determination of placenta and fetus

Partial Sry gene, a single band with a size of 300 bp in electrophoresis, was amplified with
template genomic DNA from adult males, while there was no amplification with genomic
DNA from adult females (Figure 1). The gender of placenta and fetus was determined by the
presence of Sry gene. Samples with ambiguous gender determination due to the unavoidable
contamination of fetal blood cells during tissue collection were excluded in the following
studies.

4.2. Feto-placental weights affected by day of pregnancy, diet and gender of fetus and

placenta

The fetal weight and placental weight including LZ and JZ, and the ratios among these
tissues, were summarized in Table 2. At days 14, 18, and 21 of pregnancy, both female and
male fetal weights were significantly lower in the LP group (P < 0.05). Overall, fetal weight
was affected by gender, with male fetuses weighing more than females (P < 0.05).

Placental weights were decreased by LP at days 14 and 18 of pregnancy, but not day 21
(Day x Diet, £=0.0002). Similarly, LZ weights were also decreased by LP at days 14 and
18 of pregnancy, but not day 21 (Day x Diet, £< 0.0001). JZ weights were affected by day x
diet (P< 0.001) with a higher value in the LP group at days 14 and 21 of pregnancy, but not
day 18. The LZ:placental weight ratio was affected by gender (P < 0.05), with female-fetal
placentae having a higher value, and by day x diet (£ < 0.001), with a higher value in the LP
group at only day 21 of pregnancy. The LZ: JZ weight ratio was also affected by gender (P <

Front Biosci (Elite Ed). Author manuscript; available in PMC 2013 July 16.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Gao et al.

Page 6

0.05), with males having a higher value, and by day x diet (< 0.001), with a higher value
in the LPD group at only day 21 of pregnancy.

The ratio of fetal to placental weight is referred to as placental efficiency representing the
ability of the placenta to transport nutrients to the fetal side. Placental efficiency was
affected by day x diet (< 0.01), with lower values in the LP group at days 18 and 21 of
pregnancy. It was also affected by day x gender (P < 0.05), with higher values in male
placentae at day 21 of pregnancy. Overall placental efficiency tended to be greater in male-
fetal placentae (P = 0.054). Similarly, the fetal:LZ weight ratio was also affected by day x
diet (P< 0.001), with lower values in the LP group at day 21 of pregnancy in both male and
females.

4.3. Expression of Igf and placental-specific transcript Igf2P0 in labyrinth zone in response
to maternal protein restriction

The expression of /gf2and /gf2P0is shown in Figure 2. The expression of /gf2was affected
by day x diet (P< 0.05) (Fig. 2A). At days 14 and 18 of pregnancy, expression of /gf2was
decreased by LP in both the male and female LZ, but no changes were observed at day 21 of
pregnancy (Day x Diet, P< 0.05). The expression of /gf2was greater in the male LZ
compared to the female LZ (Gender, £< 0.05). The expression of /gf2P0was affected by
day (P<0.0001), with the greatest value at day 18 of pregnancy, followed by days 21 and
14 (Figure 2B). Similar to IGF2 expression, the expression of /gf2P0was greater in the male
LZ compared to the female LZ (P < 0.01) (Figure 2C). The ratio of /gf2P0to /gf2transcripts
in LZ was significantly lower at day 21 of pregnancy than that at days 14 and 18 (P<
0.0001), and was increased by LP (P < 0.05) (Figure 2D).

Using Western blot analysis, mature IGF2 (7KD) and big IGF2 (11-17 KD) were detectable
in the rat LZ during mid and late pregnancy (Figure 3A). The abundance of mature IGF2
protein was increased in rat LZ at day 21 of pregnancy compared to days 14 and 18 of
pregnancy (Day, £< 0.05), but was not affected by diet or gender of the placenta. The
abundance of mature IGF2 was increased at Day 21 of pregnancy, but not affected by Diet
and Gender of placenta (Figure 3B). The abundance of big IGF2 was increased by LP at day
14 of pregnancy, but decreased by LP at day 21 (Day x Diet, < 0.001). LP decreased the
relative amount of big IGF2 in both the female (Diet, £< 0.05) and male (Diet, £< 0.001)
LZ at Day 21 of pregnancy. In contrast, LP increased the amount of big IGF2 in the male LZ
at day 14 of pregnancy (P < 0.05) (Figure 3C).

4.4. Expression of Igf2 receptors in labyrinth zone in response to maternal protein

restriction

The expression of /gflrwas increased with the advancement of pregnancy (Day, A< 0.01)
and was greater in the male LZ compared to the female LZ (Gender, £< 0.05) (Figure 4A).
The expression of /nsrin LZ was decreased at day 21 of pregnancy compared to days 14 and
18 (Day, £< 0.05) and was not altered by diet and gender of the placenta (Figure 4B). The
expression of /gf2rwas greater at days 18 and 21 (Day, £ < 0.0001) and in the male LZ
(Gender, P< 0.05), but was reduced by LP (Diet, < 0.05) (Figure 4B—4E).

4.5. Expression of Igfbpl1 and Igfbp2 in labyrinth zone in response to maternal protein

restriction

There were large variations in the expression of /gfpZ within a given group defined by day
of pregnancy, diet, and gender. At day 14 of pregnancy, the expression of /gfbpI tended to
be higher compared to days 18 and 21 (= 0.07), mainly due to the high values in both the
female and male LZ treated by LP (Figure 5A). The expression of /gfbp2was decreased by
LP in the male LZ at day 14 of pregnancy, unchanged at day 18, and increased at day 21
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(Day x Diet, P< 0.01). At day 21 of pregnancy, LP tended to increase the expression of
1gfbp2in the female LZ (P= 0.06) (Figure 5B).

Two main IGFBP1 variants at sizes 29KD and 55KD were detectable by Western blotting
(Figure 6A). At day 14 of pregnancy, the amount of 29KD protein was increased by LP (P<
0.05) (Figure 6B). Similarly, at day 14 of pregnancy, the amount of 55KD protein was
increased 1.68-fold (P < 0.001) and 1.56-fold (P < 0.05) by LP in the female and male LZ,
respectively. At day 18 of pregnancy, the amount of 55KD protein was increased 2.22-fold
(P<0.05) by LP in the female LZ. In contrast, at day 21 of pregnancy, the amount of 55KD
protein was decreased 2.24-fold (P < 0.05) by LP in the male LZ (Figure 6C).

A main IGFBP2 variant at the size of 36KD was detectable by Western blotting (Figure 7A).
At day 14 of pregnancy, the amount of IGFBP2 was increased 1.85-fold by LP in the female
LZ (P<0.0001) and 1.57-fold in the male LZ (P< 0.05). At day 18 of pregnancy, the
amount of IGFBP2 was increased 2.72-fold (P < 0.05) by LP in the female LZ but remained
unchanged in the male LZ. At day 21 of pregnancy, the amount of IGFBP2 was decreased
1.93-fold (P< 0.05) by LP in the male LZ (Figure 7B).

4.6. Analysis of amino acids in maternal plasma

The concentrations of 24 free amino acids, total essential amino acids (EAA), total
nonessential amino acids (NEAA), total free amino acids in maternal plasma, as well as
effects of day of pregnancy, diet and interaction of day and diet on each variable are
summarized in Table 3. Total classical EAA (His, Lys, Thr, Tyr, Trp, Met, Val, Phe, Ile and
Leu) in maternal plasma were reduced in the LP group at Days 14 and 18 of pregnancy (P <
0.05). In contrast, total classical NEAA (Asp, Glu, Asn, Ser, Gly, GIn, Arg, Ala, Cys and
Pro) were increased in the LP group at Days 14, 18 and 21 of pregnhancy (P < 0.05). The
concentrations of total free amino acids listed in Table 3 were not changed by Diet at Day 14
and 18 of pregnancy, but increased in the LP group at Day 21 of pregnancy (P < 0.05).

Among the 24 free amino acids investigated in this study, the concentrations of Ser, His,
Gly, Tau, Ala, Trp, lle, Orn, and Lys were affected by Day of pregnancy (£ < 0.05). The
concentrations of Ser, GlIn, Gly, Ala and Orn increased in the LP group (P < 0.05), while the
concentrations of Trp, lle, Leu and Cys decreased in the LP group (P < 0.05). The
concentrations of Asp, Thr, Cit, Arg, Met, Val, Phe and Pro were affected by interaction of
Day and Diet (£ < 0.05). In contrast, the concentrations of Glu, Asn and b-Ala were not
affected by Day, Diet or their interactions.

5. DISCUSSION

This is the first study to report the effects of maternal protein restriction on the fetal-
placental growth as it relates to the diet, fetus gender, and day of pregnancy. Similar to most
published reports, we observed that fetal growth was restricted by protein insufficiency in
the diet during gestation (40-42). Growth of both male and female fetuses, as well as
placentas, was compromised by maternal protein restriction during mid pregnancy (Table 2).
Sex and gender matter in development of metabolic diseases and associated complications
(31-33); however, the impaired growth /n utero may be a common indication and/or
possibly underlying mechanism for fetal programming for both males and females. During
late pregnancy, placenta, especially the LZ (high LZ:JZ ratio), grew much faster in the LP
group than in the control group, and, on average, placental weight increased by 100 mg from
day 18 to day 21 of pregnancy (Table 2), so that placental weight was not affected by LP at
day 21 of pregnancy. The nutrient partitioning between the uterine-placental unit and fetus is
unknown in rats; however, uterine-placental tissue consumes a large proportion of nutrients
in sheep (43, 44). Therefore, under maternal protein restriction, the rapid placental growth in
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late preghancy may compete with fetal growth for dietary nutrients. The reduced
concentrations of essential amino acids including Trp, Ile and Leu (Table 3) in maternal
plasma by LP, support this notion. In addition, the disproportionate growth of LZ by LP in
late pregnancy was shown by the higher LZ:JZ ratio, and the LZ:placental ratio may
compensate for the reduced levels of biologically active IGF2 in the LZ tissue (Figure 3B).
This rapid growth in LZ by LP-fed rats may be driven by the increased amount of IGF2P0
transcripts in the overgrowing LZ, as IGF2P0 may act locally to regulate placental growth
(6, 10, 11).

The expression of IGF2 is complicated, as its regulation may exist at transcriptional, post-
transcriptional, translational and post-translational levels. The expression of IGF2 in LZ was
reduced by an LP diet at days 14 and 18 of pregnancy, while it was not changed at day 21.
In contrast, at the protein levels, the biologically active forms of IGF2, which refer to mature
IGF2 and big IGF2 (37, 45), were reduced in both male and female LZ by LP (Figure 3B).
In pregnant rats, pro-IGF2, which is biologically inactive, becomes active through
proteolytic cleavage (37). Elevated levels of pro-IGF2 were present in sera of patients
carrying intrauterine growth restriction (45). We detected the presence of pro-1GF2 in the
LZ lysates by Western blotting, but we did not observe an elevation of pro-1IGF2 levels in
the LZ of LP-fed rats (data not shown). The biologically active forms of IGF2, proteins in
the size of 7 KD and 11-17 KD (37), were decreased by LPD only at day 21 of pregnancy.
This reduction in active IGF2 in LZ may be responsible, at least partly if not all, for the
impaired fetal growth and reduced placental efficiency in late pregnancy. To explore the
physiological function of IGF2 in rodents during pregnancy, IGF2 in maternal circulation
should not be neglected because its plasma levels increase with the advancement of
pregnancy (2), and activation of endoproteolytic processing of IGF2 is elevated in pregnant
rats (37).

lgf2P0transcription may contribute to adaptation to maternal protein restriction, although
this strategy is apparently ineffective in promoting fetal growth. Recently, it has been
reported that in a mouse model, mild maternal undernutrition reduced the expression of
19f2P0 by 35% in late pregnancy (7). In contrast, isocaloric low protein diet could not alter
the /gf2P0 expression in the placental LZ, while the proportion of /gf2P0transcript in total
lgf2transcripts was increased by LP, which is coincident with the increased proportion of
the placental LZ of LP-fed rats. Therefore, placental-specific expression of /gf2P0may be
determined by energy substrates rather than protein itself in maternal nutrition. The ratio of
lgf2P0transcripts to total /gf2transcripts in rat LZ is in a range of 1.4%-3.4% during mid
and late pregnancy, which is similar to that in mice (46). The expression of /gf2P0is higher
in the male LZ compared to the female LZ during the course of pregnancy. Considering that
male fetuses are heavier in mid and late pregnancy (Table 2), it may support the proposition
that fetal demand promotes placental function by regulating placental gene expression (5, 8).
Certainly, the expression of /gf2P0in LZ also depends on the day of pregnancy (Figure 2B).
Knockout of /gf2P0did not alter the placental efficiency in mice in late pregnancy, but
caused compromised placental growth in early pregnancy (8). All these findings indicate
that IGF2P0 may play time-dependent roles during the pregnancy. IGF2PO0 regulates cell
differentiation in all placental layers (5); therefore, IGF2P0 may exert its effect in placental
development, mainly in early and mid pregnancy when the placenta is maturing in both
structure and function.

The 3 known IGF2 receptors in the placental LZ may play different roles in adaptation to
maternal protein restriction. The expressions of IGF2 receptors in the rat LZ show different
patterns of changes in response to maternal protein restriction during mid and late
pregnancy. Expression of IGF1R increased with the progress of pregnancy, whereas
expression of /nsrdecreased at day 21 of pregnancy, and IGF2R was affected by day of
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pregnancy, diet and gender of pregnancy (Figure 3). The continuous increase in IGF1R
expression in late pregnancy may be responsible for the continuous growth in both placenta
and fetus. IGF1R is preferred by IGF2 and IGF1 in mediating their biological functions (14),
but the control of fetal and placental growth by IGFs is more complex (1). The functions of
IGF receptors are additive; the null Igflr caused reductions in fetal weight to 45% of the
wild type (47). The isocaloric low protein diet does not affect IGF1R expression; therefore,
fetal growth continues to increase during the course of pregnancy in LP-fed rats. The
impaired fetal growth during mid-late pregnancy may result from other unknown reasons. It
has been widely accepted that IGF2R regulates the bioactivity of IGF2 by binding to active
IGF2, while not activating signaling transduction intracellularly (48). Unlike the expression
of /grirand Insrin the rat LZ, LP diet reduced the expression of /gf2rin LZ and,
consequently, enhanced the bioactive IGF2 in the rat LZ to overcome the reduced IGF2
levels in response to LP. Moreover, accumulating evidence in recent years indicates that
IGF2R may also trigger signal transduction in promoting mitogenesis and survival of
trophoblast in humans (49, 50) and guinea pigs (51). Given that the signal transduction via
IGF2R is present in the rat LZ and exerts mitogenic effects on trophoblast and fetal vascular
cells, the reduced Igf2r expression in the rat LZ by LP could partly explain the impaired LZ
growth and consequential retarded fetal growth, while the higher levels of 1gf2r in the male
LZ may contribute to the male fetal development during mid and late pregnancy.

Changes in /gfop1 and /gfop2 mRNA levels apparently did not match those in protein levels
as there were different variants resulting from post-translational modifications, including
proteolysis, formation of heteropolymers, glycosylation, and phosphorylation (52, 53). For
this reason, we tried to analyze the variants which are known to bind to IGF2 in the Western
blotting analyses. Overall, LP tends to promote /gfbp1 expression at both mRNA and
protein levels at day 14 of pregnancy. Thereafter, at day 18 of gestation, the abundance of
the 55 KD IGFBP1 protein in LZ changes in a gender-specific manner, with increased
IGFBP1 protein levels in the female LZ and decreased protein levels in the male LZ in
response to the LP diet. This sex-related effect in IGFBP1 expression occurs when the fetus
is undergoing rapid growth in late pregnancy. Therefore, elevated expression of both
IGFBP1 and IGFBP2 in the female LZ reduces the availability of local IGF2 and thus results
in more severe growth retardation in the female fetus. In both humans and transgenic mice,
elevated IGFBP1 is associated with fetal growth restriction (54-56). In addition, the female-
fetal placenta is more vulnerable to stress stimulation during pregnancy in which the
expression of /gfbp1 is also elevated (57). Similarly, the 36 KD IGFBP2 protein in LZ was
increased by LP in both males and females at day 14 of pregnancy and in the female LZ at
day 18 of pregnancy, but decreased in the male LZ at day 21 of pregnancy. The latter may
represent a positive adaptation to maternal protein restriction and increases the
bioavailability of IGF2 in the male LZ, considering the great abundance of IGFBP2 in the
rat placenta (14) and the fact that IGF2 has a greater affinity toward IGFBP2 than IGF1R
(48). Although it is widely accepted that IGFBP would reduce IGF bioavailability,
increasing evidence indicates that IGFBP has additional functions (53). For instance,
IGFBP1 acts as a prosurvival factor (58), which may help prevent apoptosis in the placenta
(59). This may explain why overexpressed /gfbpI promotes placental growth in transgenic
mice (54). In general, the regulation of IGFBP expression and physiological functions are
complicated and must be addressed in the context of placental development during
pregnancy in addition to the routine functional study /n vitro.

A rat model with maternal protein restriction during gestation has been widely used in
metabolic programming especially the fetal programming on adulthood hypertension.
Although the elevated blood pressure in offspring was frequently reported in literature, it is
noteworthy that there are differences in the percentages of protein in diets, time frame of
dietary treatment and even strains of rats among the different research groups (24-27, 29,
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36, 41, 42, 60, 61). These differences may be responsible for the inconsistent and even
contradictory findings in the published studies. For instance, the higher Met in diet may
result in the increased fetal and placental weights (25, 61). In addition, the protein
insufficiency may not be the sole determinant in this model. It has been reported that the
amount of food intake is variable in animals fed LP diets (24-27, 29, 36, 41, 42, 60, 61),
and, therefore, the different intake of components in diets other than proteins may also play
a role in this model. To compare with similar studies on fetal programming, we chose to use
this widely accepted model and isocaloric low-protein and normal-protein diets. The present
study reveals low protein diet and/or day of pregnancy changes the concentrations of most
of amino acids in maternal plasma during pregnancy, except Glu, Asn and b-Ala, probably
due to reduced catabolism in the whole body as an adaptive mechanism. Thus, it is not
reasonable to narrow down the temporal window to only time point in study of the effects of
nutritional manipulation on feto-placental growth (42) or to combine the physiological data
such as amino acids during the pregnancy (41).

This is the first study to report that the maternal protein restriction reduces the total essential
amino acids at day 14 and day 18 of pregnancy in rats, but not day 21 of pregnancy. The
former may be responsible at least partly for the impaired fetal and placental growth by
maternal protein restriction (Table 2), while the later may represent the maternal metabolic
adaptation to meeting the demands of rapid fetal growth in late pregnancy. The reduced
levels of circulating essential amino acids in response to maternal low protein diet or
hypercholesterolemia were also seen in mice (62). Additionally, concentrations of EAA
(including Trp, lle, Leu and Val) in maternal plasma were reduced by LP during late
pregnancy. The reduced Trp levels together with reduced Met, Thr, Leu and lle may affect
the production of serotonin in that they compete with large neutral amino acid transporters
in brain and peripheral organs (63, 64), thereby affecting the maternal metabolism and feto-
placental development via the versatile functions of serotonin (65-67). The reduced Leu in
maternal plasma by LP may attribute to the impaired placental and fetal growth. Leu can
promote the placental and fetal growth by stimulating the mTOR signaling pathway (68) and
dietary Leu supplementation reverses the reduction of maternal insulin levels by LP (41, 69).
The plasma Thr levels in the LP group were reduced to 69% and 23% of controls at days 14
and 18 of pregnancy, respectively. This is consistent with reports by others (70-72). The
remarkable decrease of Thr is coincident with a 2- to 3-fold increase in Gly levels and a 1.8—
2.1-fold increase in Ser in the LP group at days 14, 18 and 21 of pregnancy (Table 3). This
may indicate that Thr can be converted into Gly in pregnant rats as reported for young pigs
(73). Ser is formed from Gly by serine hydroxymethyltransferase. However, the underlying
mechanism remains unknown except that Thr oxidation in LP rats does not account for the
changes in Thr (71). Also, the elevation in maternal plasma Gly and/or Ser levels in LP-fed
rats seems insufficient to support normal fetal growth. We propose that Gly plays an
important role in regulating fetal programming of hypertension in adults because (a) Gly is
considered to be limited in mammalian pregnancy due to the large demand for fetal growth
(16, 74); (b) Gly participates in multiple metabolic pathways essential to whole-body
homeostasis (75); and (c) dietary supplementation of Gly can reverse the hypertension in LP
offspring (30).

Maternal protein restriction consistently increases the concentrations of total nonessential
amino acids in maternal plasma during late pregnancy. As a result, total amino acids levels
in maternal plasma in LP rats are maintained at Days 14 and 18 of pregnancy at control
levels, and are higher compared to control rats at day 21 of pregnancy (Table 3). This
metabolic adaptation may help to meet the large demands on amino acids for rapid fetal
growth (76). Unlike the consistent increase in plasma Gly and Ser levels by LP, plasma GIn
levels were increased by LP only at days 18 and 21 of pregnancy while one of its precursors,
Glu was not changed by day of pregnancy and diet. The increased levels of GIn in maternal
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plasma by LP were coincident with the decreased levels of branch-chained amino acids,
including Leu, lle and Val which can serve as the precursors for GIn synthesis (77). GIn is
the most abundant free amino acid in pregnant rats in both control and LP groups; however,
the physiological significance of elevated Gln levels in maternal plasma in response to
protein restriction remains unknown and warrants further investigation. In addition, plasma
levels of Arg and its precursors Cit and Pro are affected by day of pregnancy and/or diet.
Interestingly, the plasma levels of these three amino acids are decreased with the
advancement of pregnancy, but at day 18 of pregnancy when rat fetus starts exponential
growth, these amino acid levels are reduced by LP diet. Arginine, an essential amino acid
for fetal-placental growth and development (68), is required for synthesis of substances,
including nitric oxide (NO) and polyamines that have versatile functions (78). As a major
regulator of angiogenesis (79) and utero-placental-fetal blood flows, NO determines the rate
of transfer of nutrients and oxygen from mother to fetus (80). In addition, arginine regulates
key metabolic pathways critical for nutrient utilization and protein deposition through
FKBP12-rapamycin complex-associated protein 1 and NO signaling pathways (19, 81). Arg
supplement ameliorates fetal growth retardation in rats (82) and sheep (83). More
importantly, prenatal Arg supplementation reduces the blood pressure in offspring in
spontaneously hypertensive rats (84). Therefore, Arg is of great importance in fetal
programming on adulthood hypertension in that Arg insufficiency may play a role in the
etiology of hypertension and Arg supplementation may provide a potential postnatal
therapeutic remedy and/or preventative treatments during pregnancy.

In this study, the relationship between the altered placental IGF2 expression and maternal
plasma amino acid levels is still unclear. It has been reported that reduced placental transport
of amino acids may be responsible for fetal growth retardation in response to maternal
protein restriction (41, 42). The reduced levels of placental Arg and Leu in LP rats,
presumably similar to those in maternal plasma, may inhibit the mTOR signaling pathway,
thereby reducing expression of placental amino acid transporters (41, 60) as well as
placental IGF2. Reduced expression of the placental mTOR protein may exacerbate the
reduction in expression of placental amino acid transporter (41). We propose that a positive
feedback loop exists between mTOR and IGF2 involving translation of one mature
transcript of IGF2 in exponentially growing cells. This loop may be upregulated by the
RPS6KBL1 kinase signaling pathway which is under the control of mTOR (85). If this
positive feedback between mTOR and IGF2 also occurs in placenta, the link between
maternal plasma amino acids and placental IGF2 expression could be easily established by
the mediation of mTOR signaling pathway.

Taken together, results of the present study indicate: 1) maternal protein restriction causes
growth retardation in both female and male fetuses during mid and late pregnancy, which is
correlated with the impaired growth of the placenta of both male and female fetuses
(particularly the LZ) and with reduced placental efficiency; 2) placental and fetal growth
restriction caused by maternal protein restriction may result from reduced expression of /gf2
and elevated expression of /gfbp1 and /gfbp2in the placental LZ in a gender-and/or
gestational-day-specific manner; 3) the adaptations of the placenta to maternal protein
restriction include an overgrown LZ in late pregnancy and reduced expression of /gf2rin LZ
during mid and late pregnancy; 4) in LZ, higher expression of /gf2, placental-specific /gf2P0
and /gf1rduring mid and late pregnancy, and reduced expression of /gfpZ2in late pregnancy
favor the growth of male fetuses compared to female fetuses; 5) most of amino acids in
maternal plasma are affected by maternal protein deficiency during pregnancy with reduced
levels of total EAA but elevated levels of NEAA. These findings suggest that the IGF2 axis
in the placenta and maternal amino acid metabolism play an important role in LPD-induced
fetal programming in rats.
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Figure 1.

Gender determination by PCR for Sry gene. Partial Sry gene with a size of 300bp was
amplified in PCR with genomic DNA from male, but not female, fetal extraembryonic
membrane from mothers fed a normal diet (CT) or low protein diet (LP) at day 18 of
pregnancy. Genomic DNA from tails of adult males and females were included as positive
and negative controls, respectively.
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18
Day

21

Expression of /gf2and placental specific transcript /gf2P0in the rat labyrinth zone (LZ). A)
The expression of /gf2was affected by day x diet (P < 0.05), with reduced expression in
both the male and female LZ at days 14 and 18 of pregnancy. The expression of /gf2was
greater in the male LZ than the female LZ (P < 0.05). B) The expression of /gf2P0was
affected by day (P < 0.0001), with the greatest value at day 18 of pregnancy followed by
days 21 and 14. C) The expression of /gf2P0Owas greater in the male LZ compared to the
female LZ (P< 0.01). D) The ratio of /gf2P0to Igf2transcripts in LZ was significantly
lower at day 21 of pregnancy than at days 14 and 18 (P < 0.0001) and was increased by LP

(P<0.05). *P<0.05; ***P< 0.0001
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Figure 3.

Western blotting on IGF2 in rat labyrinth zone. Mature IGF2 (7KD) and big IGF2

Page 19

(11-17KD) were detectable in the rat LZ. The relative amount of mature IGF2 was increased
at day 21 of pregnancy. The relative amount of big IGF2 was increased by LP at day 14 of
pregnancy, but decreased by LP at day 21 (Day x Diet, < 0.001). *~< 0.05; **P< 0.001
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Page 20

Expression of /gfir, lgf2rand /nsrin the rat labyrinth zone (LZ). A) The expression of /gfir
was increased with the progress of pregnancy (Day, £< 0.01) and greater in the male LZ
compared to female (P < 0.05); B) The expression of /nsrin LZ was decreased at day 21 of
pregnancy compared to days 14 and 18 (£ < 0.05) and was not altered by diet and gender of
placenta. C) The expression of /gf2rwas greater at days 18 and 21 (Day, £< 0.0001). D)
The expression of /gf2rwas greater in the male LZ (Gender, £< 0.05). E) The expression of

1gf2rwas reduced by LP (Diet, £< 0.05). *P< 0.05; ***£< 0.0001
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Figure 5.

Expression of /gfp1 and /gfbp2in the rat labyrinth zone (LZ). A) The expression of /gfbpl
was not affected by day of pregnancy, diet or gender due to the huge variations within the
group. At day 14 of pregnancy, the expression of /gfopI tended to be higher compared to
days 18 and 21 (P = 0.07), mainly due to the high values in both the female and male LZ
treated by LP. B) The expression of /gfbp2was decreased by LP in the male LZ at day 14 of
pregnancy, not changed at day 18 of pregnancy, and increased at day 21 of preghancy (Day
x Diet, < 0.01). At day 21 of pregnancy, LP tended to increase the expression of /gfbp2in
the female LZ (P=0.06). *P< 0.05
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Figure 6.
Western blotting analysis of IGFBP1 in the rat labyrinth zone (LZ). A) Two main IGFBP1
variants in the sizes of 29KD and 55KD, respectively, were detectable by Western blotting.
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B) At day 14 of pregnancy, the amount of 29KD protein was increased by LP (P < 0.05). C)

At day 14 of pregnancy, the amount of 55KD protein was increased 1.68-fold (£ < 0.001)
and 1.56-fold (P < 0.05) by LP in the female and male LZ, respectively. At day 18 of

pregnancy, the amount of 55KD protein was increased 2.22-fold (P < 0.05) by LP in the

2.24-fold (P< 0.05) by LP in the male LZ. *£< 0.05; **£< 0.001.
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Figure 7.
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Western blotting analysis of IGFBP2 in the rat labyrinth zone (LZ). A) A main IGFBP2
variant in a size of 36KD was detectable by Western blotting. B) At day 14 of pregnancy,
the amount of IGFBP2 was increased 1.85-fold by LP in the female LZ (P < 0.0001) and

1.57-fold in the male LZ (P < 0.05). At day 18 of pregnancy, the amount of IGFBP2 was
increased 2.72-fold (P < 0.05) by LP in the female LZ but not changed in the male LZ. At

Front Biosci (Elite Ed). Author manuscript; available in PMC 2013 July 16.

day 21 of pregnancy, the amount of IGFBP2 was decreased 1.93-fold (< 0.05) by LP in
the male LZ.
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Table 1

Quantitative real-time PCR primers

Gene | Forward primer (5"—3") | Reverse primer (5'—3") | GenBank accession No. | Product size (bp)
g2 tgtctacctctcaggecgtactt tccaggtgtcgaatttgaagaa NM_031511.1 78

1gf2P0 | gatcatcgtccaggcaattt gttgcgtagttcccgaagtt X17012.1 96

lgfir aaggatggcgtcttcacca gagtggcgatctcccagag NM_052807.1 70

1gf2r ctgcaggcgggaaag ttccactcttatccacagcac NM_012756.1 67

Insr tgagtcagccagtcttcgagaa gccatcagttccatcactacca NM_017071.1 141

lgfbp1 | gagcccagagatgacagagg gcatgctgctgtaggtgcta NM_013144.1 110
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